Monte Carlo calculations of a bismuth-germanate scintillator's efficiency agree closely with experimental measurements. For this comparison, we studied the absolute gamma-ray photopeak efficiency of a scintillator (7.62 cm long by 7.62 cm in diameter) at several gamma-ray energies from 166 to 2615 keV at distances from 30.5 to 152.4 cm. Computer calculations were done in a three-dimensional cylindrical geometry with the Monte Carlo coupled photon-electron code CYLTRAN. For the experiment we measured 11 sources with simple spectra and precisely known strengths. The average deviation between the calculations and the measurements is 3%. Our calculated results also closely agree with recently published calculated results.
Introduction
The inorganic scintillator, bismuth germanate (BGO), has a number of properties that make it an attractive alternative to the widely used sodium iodide for some spectrometry applications that do not require the better resolution of sodium iodide. Our application is one of those cases. We are developing the instruments and measurement methods for obtaining, in situ, spectrally derived dose rates attributable to multiple, spatially extended sources emitting both neutrons and gamma rays in physically complex geometries. As a parallel effort, we are continuing to develop the computational tools to simulate the neutron, photon, and electron transport for these cases. In particular, in part of this program, we are interested in validating the computed results of the transport of photon flux spectra. The specific properties of bismuth germanate that make it attractive for these measurements include a relatively small response to the neutrons in the mixed radiation field (because of the comparatively small neutron cross-sections of the constituent elements) and a large photopeak-to-Compton continuum ratio that results from the higher density of bismuth germanate compared with sodium iodide. Because photon flux spectra, we have initially chosen the simplest test case to confirm that it is possible to calculate the actual response of one of these scintillators to point gamma-ray sources in free fields. In addition, the response-function matrix for the detector has been developed from interpolations of analytical function fits to the individual measured responses to monoenergetic gamma-rays. Once the response-function matrix is available, the detector pulse-height distributions can be unfolded to provide measured photon flux spectra for comparison with calculated photon flux spectra. We believe this step to be well understood. We are most interested, therefore, in comparisons of the calculated and measured pulse-height distributions.
In the sections that follow, we describe the Monte Carlo code used to calculate the detector response, the measurement methodology, the analytical function fits to the efficiency and resolution parameters, and the comparison of the measured and calculated photon pulseheight distributions.
Calculational Method
To Figure 1 shows a fit to the 279-keV photopeak from 203Hg. In general, the lowenergy tail is significant but the high-energy tail can be ignored. Our experience shows that for complex pulse-height distributions, the tail contributions range from 0.6 to 8.0%, with the larger contribution observed for the lower energy portions of those distributions. 
Comparison of Calculations with Measurements
Photons exhibiting specific energy loss in a detector volume are counted in corresponding energy bins (channels) using a multichannel analyzer, which eventually yields a pulse-height distribution. CYLTRAN, using a special tally, simulates the generation of the pulse-height distribution by following the transport details of the photon-electron cascade in multimedia cylindrical geometry. Pulse-height distributions are sensitive to the geometry and the materials of the detector. Figure 3 illustrates the CYLTRAN model geometry and materials used in our Monte Carlo simulations, most of this information was verified through the manufacturer. The geometry is cylindrically symmetric about the "dashed line." The 7.6-cm by 7.6-cm BGO crystal has an aluminum case (0.05-cm thick) surrounding the front and lateral sides of the crystal cylinder. Internal to the aluminum at the front of the detector are layers of sponge rubber and polyethylene (0.1-cm thick) that we have assumed to be 100% polyethylene. Finally, there is also a magnesium-oxide reflector (0.2-cm thick) adjacent to the front end and lateral sides of the crystal. Also indicated in Fig. 3 is the point isotropic source at some representative distance from the front face of the detector. Pulse-height distributions were calculated at different source-to-detector distances. The photomultiplier tube is shown for completeness; however, because it contributes less than 20% to the 1800 backscatter, it was not explicitly modeled in the Monte Carlo simulations. Similarly, the concrete walls of the room in which the empirical data were acquired were not included in the Monte Carlo simulations.
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photopeak area was compared with the experimental value, too many events were allowed in the calculated photopeak, exaggerating the peak-to-valley ratio. These feature differences between the measured and calculated pulse-height distributions are evident in Fig. 2 . We are confident that a more accurate accounting of photopeak events would show a much better agreement in this region between the two distributions. The lack of accounting for the backscatter peak in the calculated distribution (discussed above) is also obvious.
Calculations of efficiency were carried out for source-to-detector distances of 30.5, 61.0, 91.4 and 152.4 cm and for gamma-ray energies ranging from 165.9 to 2614.6 keV. The results are summarized in the Table and The first calculation was the pulseheight distribution for comparison with the measurement. The experimental and calculated results for response to 137Cs gamma rays of 662 keV are shown in Fig. 2 . The photopeak and Compton edge agree very well when the following points are considered. In the calculation, the photopeak has a 6-functionlike distribution. However, in experimental pulse-height distributions the finite resolution of the detector produces broadened photopeaks. For 
Summary
In principle, CYLTRAN also can be used to calculate accurately the ratios of photopeak to first escape peak and photopeak to second escape peak. These numbers can be helpful in resolving experimental photopeaks from escape peaks and in determining the energy resolutions of BGO detectors for gamma rays above 6 MeV.
We have shown that Monte Carlo methods embodied in the computer code CYLTRAN are suitable for the generation of bismuthgermanate detector response functions and photopeak efficiencies. This procedure has been adequately validated by a comparison between a significant body of experimental data and the simulation of those measurement data using the code. The simulation agrees with the comparable measurement to within 3%.
